Functional interactions by transfer RNAs in the ribosome  by Khade, Prashant & Joseph, Simpson
FEBS Letters 584 (2010) 420–426journal homepage: www.FEBSLetters .orgReview
Functional interactions by transfer RNAs in the ribosome
Prashant Khade, Simpson Joseph *
Department of Chemistry and Biochemistry, University of California, 4102 Urey Hall, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0314, United States
a r t i c l e i n f o a b s t r a c tArticle history:
Received 8 October 2009
Revised 9 November 2009
Accepted 10 November 2009
Available online 13 November 2009






Ribosome0014-5793/$36.00  2009 Federation of European Bio
doi:10.1016/j.febslet.2009.11.034
Abbreviations: ASL, anticodon stem-loop analog of
Tu, elongation factor Tu; EF-G, elongation factor G; RF,
recycling factor
* Corresponding author. Fax: +1 858 534 7042.
E-mail address: sjoseph@chem.ucsd.edu (S. JosephRecent X-ray crystal structures of the ribosome have revolutionized the ﬁeld by providing a much-
needed structural framework to understand ribosome function. Indeed, the crystal structures ratio-
nalize much of the genetic and biochemical data that have been meticulously gathered over
50 years. Here, we focus on the interactions between tRNAs and the ribosome and describe some
of the insights that the structures provide about the mechanism of translation. Both high-resolution
structures and functional studies are essential for fully appreciating the complex process of protein
synthesis.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ribosomes are the cellular complexes responsible for protein
synthesis in all organisms. The 30S subunits of bacterial ribosomes
consist of 16S rRNA and about 20 proteins and their 50S large sub-
units consist of 23S rRNA, 5S rRNA and about 30 proteins. During
protein synthesis, ribosomes bind aminoacylated-tRNAs, in a
codon-dependent manner, to synthesize proteins encoded by the
mRNAs. The anticodon arm of the tRNA interacts with the 30S ribo-
somal subunit, while the acceptor arm interacts with the 50S ribo-
somal subunit. There are three tRNA binding sites on the ribosome:
aminoacyl (A), peptidyl (P), and exit (E) site. Recent X-ray crystal
structures of the ribosome complexes have revealed in exquisite
detail the interactions of tRNAs with the A, P and E sites [1–3].
These structures have revolutionized the ﬁeld and a deeper under-
standing of the mechanism of translation is beginning to emerge
by combining structural data with results obtained by traditional
genetic and biochemical experiments. This review focuses on the
interactions between the tRNAs and the ribosome that have pro-
vided insights into the mechanism of protein synthesis.
We ﬁrst give a brief overview of the steps in protein synthesis
before discussing the functional signiﬁcance of the ribosome struc-chemical Societies. Published by E
tRNA; IF, initiation factor; EF-
release factor; RRF, ribosome
).ture. Protein synthesis consists of four major phases: initiation,
elongation, termination, and ribosome recycling (Fig. 1). During
initiation, the 30S subunit binds an mRNA and the initiator tRNA
with the help of initiation factors 1, 2, and 3 (IF1, IF2, and IF3).
The position of the mRNA on the 30S subunit depends on base pair-
ing interactions between the Shine-Dalgarno (SD) sequence in the
mRNA and a complementary sequence present in the 30-end of 16S
rRNA known as the anti-Shine-Dalgarno (ASD) sequence. The initi-
ator tRNA binds directly to the 30S subunit P site and the anticodon
of the initiator tRNA forms base pairs with the start codon in the
mRNA. Proper interactions between the initiator tRNA and the start
codon signals the rapid association of the 50S subunit to form the
70S ribosome. The association of the 50S subunit with the 30S sub-
unit triggers GTP hydrolysis by IF2 and the release of IFs from the
ribosome.
The ribosome, with an initiator tRNA in the P site, is now ready
for the elongation phase of protein synthesis. Aminoacyl-tRNAs
bind to the ribosome as a ternary complex with elongation factor
Tu and GTP (EF-TuGTPaatRNA). The anticodon arm of the tRNA,
in the ternary complex, interacts with the 30S subunit A site, while
the acceptor arm remains bound to EF-TuGTP and is not available
for interactions with the 50S subunit A site [4]. This intermediate of
the decoding process is called the A/T state and has been visualized
by cryogenic electron microscopy and three-dimensional image
reconstructions (cryo-EM) [5]. Importantly, non-cognate and near-
cognate ternary complexes do not form stable A/T states on the
ribosome and are rejected in a process called ‘‘initial selection”
[6]. When cognate codon–anticodon pairing does occur, GTP islsevier B.V. All rights reserved.
Fig. 1. Schematic illustration of the major steps in protein synthesis. In the initiation step of protein synthesis the 30S subunit (yellow) binds mRNA, initiator tRNA (purple
stem-loop), IF1 (magenta), IF2 (cyan) and IF3 (dark green) before binding the 50S subunit (salmon). During the elongation cycle the 70S ribosome binds EF-TuGTP-tRNA
ternary complex (pink and green stem-loop) and catalyze peptide bond formation. The mRNA-tRNAs are translocated by EF-G (blue). In the termination step, RF1 (light green)
or RF2 recognize the stop codons and catalyze the release of the newly completed polypeptide (colored circles). RF1 and RF2 are removed from the ribosome by RF3 (purple).
In the recycling step, the ribosome is dissociated into 30S and 50S subunits by the action of RRF (orange), EF-G and IF3 (see text for more details).
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dated into the 50S subunit A site. During the tRNA accommodation
step, near-cognate tRNAs are generally rejected by the ribosome in a
process called ‘‘proofreading” [6]. Accommodation of the amino-
acyl-tRNA into the 50S subunit A site leads to peptide bond forma-
tion by the peptidyl transferase center (PTC) that is largely
composed of conserved bases from the 23S rRNA [7–9]. Peptidyl
transferase reaction results in a deacylated-tRNA in the P site and
a dipeptidyl-tRNA in the A site. Interestingly, the acceptor arm of
deacylated-tRNA ﬂuctuates between the 50S subunit P and E sites,
while the anticodon arm remains ﬁrmly bound to the 30S subunit
P site resulting in the P/E hybrid state [4,10]. Similarly, the acceptor
arm of dipeptidyl-tRNA canmove from the 50S subunit A site to the
P site, while retaining interactions with the 30S subunit A site,
resulting in the A/P hybrid state.
The ﬁnal step in the elongation cycle is the translocation of the
deacylated- and dipeptidyl-tRNAs into the E and P sites of the 30S
subunit, respectively. This reaction is catalyzed by elongation fac-
tor G (EF-G), which hydrolyzes GTP to accelerate the movement
of the tRNAs [11]. Binding of EF-GGTP stabilizes the tRNAs in
the P/E and A/P hybrid states [12]. Formation of the hybrid states
is loosely coupled with the 30S subunit undergoing a ratchet-like
rotation with respect to the 50S subunit [13]. Movement of the
tRNAs into the hybrid states is thought to lower the activation en-
ergy barrier for translocation [14]. EF-G then completes the process
by catalyzing movement of P/E and A/P tRNAs with respect to the
30S subunit to form the E/E and P/P states. Translocation of the
mRNA–tRNA complex by EF-G places the next mRNA codon in
the A site, which allows a new round of the elongation cycle to pro-
ceed. This process continues until a stop codon (UAA, UAG or UGA)
enters the A site.
Entry of the stop codon into the A site triggers the termination
phase of protein synthesis. Stop codons are recognized by release
factors 1 and 2 (RF1 and RF2). RF1 recognizes UAA and UAG, while
RF2 recognizes UAA and UGA. RF1 or RF2 binds to a site that over-
laps with the ribosomal A site and catalyzes the release of the new-ly completed polypeptide attached to the tRNA in the P site.
Peptide hydrolysis by RF1 or RF2 occurs in the PTC and conserved
bases in 23S rRNA are required for promoting the hydrolysis
reaction.
The next steps are devoted to removing mRNA, tRNA and RF1
(or RF2) from the ribosome and splitting the ribosome into the
30S and 50S subunits. This ﬁnal phase of protein synthesis is
known as recycling. RF1 or RF2 are removed from the ribosome
by the activity of release factor 3 (RF3), which exchanges GDP for
GTP on the ribosome [15]. Binding of GTP to RF3 triggers the disso-
ciation of RF1 or RF2 from the ribosome [15]. RF3 then hydrolyzes
GTP and dissociates from the ribosome. Next, ribosome recycling
factor (RRF) and EF-GGTP bind and split the ribosome into 30S
and 50S subunits. Re-association is prevented by IF3 binding to
the 30S subunit. The mRNA and the deacylated-tRNA are also re-
moved from the 30S subunit. The recycled 30S subunit is now free
to initiate translation on a new mRNA.
2. Functional interactions in the P site
As described above, during translation initiation the initiator
tRNAfMet binds directly to the 30S subunit P site. An important
question is how are elongator tRNAs prevented from binding to
the P site during initiation, especially elongator tRNAMet, which
can form base pairs with the start codon in the mRNA? Initiator
tRNAfMet has unique structural features such as the C-A mismatch
at position 1–72 in the acceptor stem that is important for formy-
lation. IF2 speciﬁcally recognizes the formyl group of initiator
tRNAfMet and stabilizes it on the 30S subunit. Another feature of
initiator tRNAfMet and some elongator tRNAs is the three adjacent
G-C base pairs in the anticodon arm. Structural data and biochem-
ical studies recently indicated that interactions between the anti-
codon arm of initiator tRNAfMet and the 30S subunit P site are
important for IF3-dependent discrimination of initiator tRNAfMet
from elongator tRNAs [1–3,16–19]. The interaction of bases
G1338 and A1339 of 16S rRNA with the conserved G-C base pairs
Fig. 2. Interactions of P site tRNA with the ribosome. (A) Overview of the P site tRNA (magenta) interacting with bases in 16S rRNA (yellow), 23S rRNA (salmon) and proteins
S9, S13, L5, L16, and L27 (orange tubes). Speciﬁc bases in the rRNAs are shown in cyan color and the mRNA is colored black. (B) Interactions between the anticodon arm of P
site tRNA and the 30S subunit. (C) Interactions between the 30 CCA end of P site tRNA and the 50S subunit.
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the initiator tRNAfMet stabilizes the tRNA in the 30S subunit P site
(Fig. 2). Any mutation at position A1339 resulted in an 18-fold de-
crease in translation of a reporter protein consistent with a Type I
minor interaction with the P-tRNA [18]. By contrast, mutation of
G1338 to A showed no effect on translational activity, and instead
seemed to stabilize P-tRNA [18,19]. This is consistent with a Type II
minor interaction between G1338 and the G-C base pair at position
29–41 in the tRNA. In a Type II minor interaction a G can substitute
for an A [20]. However, mutation of G1338 to C or U decreased
translational activity by 11-fold and 4.5-fold, respectively [18,19].
In addition to G1338 and A1339, the anticodon stem-loop (ASL)
of P site tRNA interacts extensively with several 16S rRNA bases
and the small subunit proteins S9 and S13 [1–3]. Base A790 con-
tacts the backbone of nucleotides 37–38 in P-tRNA. Mutation of
A790 to the other three bases only modestly decreased translation
(5-fold maximum decrease), indicating that interaction of A790
with P site tRNA is not critical for protein synthesis [18]. A790G
decreases the afﬁnity of IF3 for the 30S subunit [19]. Base G926
interacts with the phosphate group at the ﬁrst position of the P site
codon. Mutation of G926 results in an 8-fold decrease in transla-
tion [18]. Base m2G966 interacts with the backbone of P-tRNA at
position 34. Mutations at m2G966 decreased translation by 3- to
10-fold [18]. The backbone of nucleotides 1229–1230 of 16S rRNA
packs against the backbone of nucleotides 29–30 of P-tRNA
(Fig. 2B). Base C1400 of 16S rRNA stacks with base 34 of P-tRNA.
Mutation of C1400 to U had very little effect on translation;
however, mutation to A or G reduced translation by 12-fold and
20-fold, respectively [18]. The larger purine substitutions at posi-
tion 1400 may cause steric hindrance with the codon–anticodon
helix in the P site. Bases 1401–1403 of 16S rRNA are located close
to the P site codon and 1401–1402 coordinates a metal ion that
interacts with the codon. Finally, the phosphate at position 1498
of 16S rRNA interacts with the ﬁrst position of the P site codon.
The C-terminus of ribosomal proteins S9 and S13 interact with
the anticodon arm of P-tRNA. Deletion of the C-terminal tails of
S9 and S13 only modestly affected the growth rate indicating that
they are not essential for translation [21]. These results show that
most base speciﬁc contacts in the 30S subunit P site are redundant
and not absolutely essential for translation.
Ribosomal protein L5 is close to position C56 in the elbow re-
gion of P site tRNA [1–3]. On the opposite side, helix 69 of 23S rRNAcontacts positions 12–13 in the D-stem of P-tRNA. In addition, base
A1913 in helix 69 interacts with positions 37–38 of A-tRNA. Helix
69 also interacts with helix 44 of 16S rRNA to form an intersubunit
bridge (bridge B2a). Ribosomes with helix 69 deleted, surprisingly,
can accurately synthesize a full-length protein [22]. Nevertheless,
helix 69 deleted ribosomes are defective in peptide release by
RF1, and can recycle in the absence of RRF possibly due to weak-
ened subunit association [22]. A more recent study showed that
mutations at A1912 and A1919 in helix 69 strongly inhibited sub-
unit association, initiation and ribosomal processivity implicating
helix 69 in the initiation and elongation phases of protein synthesis
[23].3. Functional interactions in the A site
The anticodon arm of A site tRNA interacts with the decoding
center in the 30S subunit (Fig. 3). A X-ray crystal structure of the
30S subunit with a cognate ASL in the A site showed that univer-
sally conserved 16S rRNA bases G530, A1492 and A1493 interact
with the minor groove of the codon–anticodon helix [24]. Base
G530 undergoes rotation from a syn- to an anti-conformation,
while bases A1492 and A1493 ﬂip out of helix 44 to contact the co-
don–anticodon helix (Fig. 3B). A1493 forms a Type I minor interac-
tion with the codon–anticodon base pair at the ﬁrst position of the
A site codon. Both G530 and A1492 interact with the second posi-
tion of the A site codon. A1492 also interacts with G530, C518, and
with Ser50 of ribosomal protein S12. Finally, the third position of
the A site codon is contacted by G530. In addition, the 20-hydroxyl
group of the codon forms a metal ion-mediated interaction with
C518 and Pro48 of S12.
Bases G530, A1492, and A1493 were proposed to discriminate
between cognate and non-cognate tRNAs by monitoring the shape
of the cognate codon–anticodon helix [24]. Mutations at G530,
A1492, and A1493 show a dominant lethal phenotype [25]. These
mutations in the decoding center decreased the rate of GTP hydro-
lysis by EF-Tu and the rate of peptide bond formation by 20- to 40-
fold [25]. In addition, mutations at G530, A1492, and A1493 re-
duced the rate of translocation by 20-fold [26]. Furthermore, 20-
deoxy or 20-ﬂuoro substitutions at position 35 or 36 in the antico-
don of an A site ASL inhibited translocation due to disruption of the
interactions with G530 and A1493 [27]. These results show that
Fig. 3. Interactions of A site tRNA with the ribosome. (A) Overview of the A site tRNA (green) interacting with bases in 16S rRNA (yellow), 23S rRNA (salmon) and proteins
S12, S13, L16, and L27 (orange tubes). Speciﬁc bases in the rRNAs are shown in red color and the mRNA is colored black. (B) Interactions between the anticodon arm of A site
tRNA and the 30S subunit. (C) Interactions between the 30 CCA end of A site tRNA and the 50S subunit.
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selection, but also for rapid translocation.
Base C1054 of 16S rRNA stacks on the ribose at position 34 in
the anticodon arm of A site tRNA [1,3]. Mutation of C1054 to U
had very little effect on translation indicating that this base is
not essential [18]. Ribosomal protein S12 interacts with the back-
bone of the A site codon, as described above (Fig. 3B). Historically,
several mutations in S12 have been isolated that affect tRNA selec-
tion by the ribosome [28]. Most mutations in S12 increase the
ﬁdelity of translation and this is proposed to be due to the inhibi-
tion of conformational changes in the 30S subunit that follows
tRNA binding to the A site [29]. S13 contacts the backbone of
A-tRNA at position 41. Interestingly, the lack of S12 or S13 in
reconstituted ribosomes promotes spontaneous, EF-G-independent
translocation [30]. S13 forms two intersubunit bridges (1a and 1b)
with the 50S subunit that are broken by the ratchet-like rotation
during translocation [31]. The loss of S13 may, therefore, favor
formation of the ratcheted state and promote spontaneous translo-
cation. Furthermore, a S13 deletion mutant showed defects in sub-
unit association and translation initiation possibly due to
weakened subunit association [32].
Ribosomal protein L16 interacts with the elbow region of A site
tRNA [1]. Arg51 and Arg56 of L16 interact with the backbone of
tRNA at positions 53–54. Previous biochemical studies have shown
that L16 is important for the binding of tRNA to the A site and for
peptidyl transferase activity [33,34]. L16 may stabilize the interac-
tion of tRNA with the A site. In addition, helix 38 of 23S rRNA lies
between the elbows of A and P site tRNAs and is known as the A
site ﬁnger. Bases G882 and G883 in helix 38 interact with position
19 in the D-loops of both A and P site tRNAs. Shortening helix 38
enhances +1 frameshifting and EF-G-dependent translocation sug-
gesting that the role of helix 38 is to maintain the pre-translocation
state of the ribosome [35].
4. Interaction of A and P site tRNAs with the peptidyl
transferase center
The universally conserved 30 CCA ends of A and P site tRNAs
interact with the peptidyl transferase center of the 50S subunit
(Figs. 2C and 3C). Conserved bases C2063, G2251, G2252, G2255,
A2450, A2451, U2506, U2585, and A2602 in 23S rRNA form the
active site [1–3,7–9]. Surprisingly, mutations at A2451, U2506,
U2585, and A2602 in the PTC do not inhibit peptide bond formation[36–38]. These bases, however, are important for peptide release by
RF1 [36,38]. Bases C74 and C75 of P-tRNA form base pairs with 23S
rRNA bases G2252 and G2251, respectively. Disruption of the C74-
G2252 base pair increased the rate of translocation by 2- to 4-fold,
which is consistent with the idea that formation of the P/E hybrid
state facilitates translocation [39,40]. Furthermore, disruption of
the C74-G2252 base pair did not inhibit peptidyl transfer but re-
duced the rate of peptide hydrolysis by RF1 by100-fold indicating
that this base pair is important for peptide release [39]. The termi-
nal base A76 of P-tRNA stacks with bases C74 and C75 and forms an
A-minor interaction with the A2450-C2063 base pair in 23S rRNA.
The 20-hydroxyl group of A76 is within hydrogen bonding distance
of the 20-hydroxyl and N3 of A2451. Recent data show that the
20-hydroxyl group of A2451 is important for peptidyl transfer pos-
sibly by stabilizing the ribose C20-endo conformation of A76 [41].
Interestingly, substitution of the 20-hydroxyl group at A76 of P site
tRNAwith 20-deoxy or 20-ﬂuoro groups inhibits peptidyl transferase
reaction by as much as 106-fold demonstrating that it plays a criti-
cal role in the reaction [42]. The related reaction of peptide release
by RF1 is also inhibited by 103-fold with 20-deoxy and 20-ﬂuoro sub-
stitutions suggesting that the ribosome uses a similar strategy to
catalyze both reactions [43].
The a-amino group of the aminoacylated-tRNA in the A site
contacts the N3 and 20-hydroxyl of A2451 in 23S rRNA and the
20-hydroxyl of A76 of P-tRNA [1]. Base A76 of A-tRNA forms a Type
I minor interaction with G2583 and the ribose of A76 contacts
U2585. Base C75 of A-tRNA forms a base pair with G2553 of 23S
rRNA. Interestingly, formation of the C75-G2553 base pair by A site
tRNA induces conformational changes in the peptidyl transferase
center that are necessary for properly orienting the ester link of P
site tRNA for peptidyl transfer [44]. A recent X-ray crystal structure
of the 70S ribosome revealed that the N-terminal tail of ribosomal
protein L27 is close to the CCA end of A and P site tRNAs [1]. Consis-
tent with the structural data, previous biochemical studies have
shown that deletion of the ﬁrst three amino acids from the N-termi-
nus of L27 inhibits peptidyl transfer [45]. Thus, L27 by stabilizing
the 30-ends of the P and A site tRNAs in the peptidyl transferase cen-
ter may promote peptide bond formation by the ribosome.
5. Functional interactions in the E site
The anticodon of E site tRNA is loosely monitored by the ribo-
some (Fig. 4). Bases G693 and A695 of 16S rRNA interact with
Fig. 4. Interactions of E site tRNA with the ribosome. (A) Overview of the E site tRNA (blue) interacting with bases in 16S rRNA (yellow), 23S rRNA (salmon) and proteins S7,
S11, L1, L28, and L33 (orange tubes). Speciﬁc bases in the rRNAs are shown in violet color and the mRNA is colored black. (B) Interactions between the anticodon arm of E site
tRNA and the 30S subunit. (C) Interactions between the 30 CCA end of E site tRNA and the 50S subunit.
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packs against the ribose at the third position of the E site codon.
The ribose and phosphate of A695 interact with the phosphate at
position 39 of E-tRNA. Proteins S7 and S11 interact with the anti-
codon arm of E site tRNA (Fig. 4B). Arg76 and Arg146 in the C-ter-
minal tail of S7 contact positions 33 and 41 of E-tRNA, respectively.
Truncation of S7 by deleting Arg77 to Tyr 84 increased both 1 and
+1 frameshifting [46]. The rate of spontaneous reverse transloca-
tion was increased; however, the rate of EF-G-dependent translo-
cation was not affected by truncation of S7 [46]. It thus appears
that the interactions in the 30S subunit E site do not contribute sig-
niﬁcantly to the process of EF-G-dependent translocation. It is un-
clear whether the anticodon of E site tRNA forms Watson–Crick
base pairs with the mRNA codon. Most of the high-resolution crys-
tal structures of the ribosome have a non-cognate tRNA in the E
site, which clearly cannot form Watson–Crick base pairs with the
E site codon. However, the crystal structure of a ribosomal complex
representing the post-initiation state indicates that the E site co-
don can relax into a conformation that is favorable for forming
base pairs with the tRNA [47]. This question will be settled deﬁ-
nitely when structures of the ribosome with a cognate tRNA in
the E site are solved in the future.
In contrast to the 30S subunit, the acceptor arm of E site tRNA
forms extensive interactions with the 50S subunit [1–3]. Base
A76 of E site tRNA intercalates between 23S rRNA nucleotides
G2421 and A2422 and forms hydrogen bonds with the universally
conserved base C2394 (Fig. 4C). Surprisingly, mutations at C2394
decreased the growth rate only moderately [48,49]. Ribosomes
with mutations at C2394 did not inhibit GTP hydrolysis by EF-G
but reduced the rate of translocation (2- to 8-fold inhibition). In
addition, the apparent afﬁnity of EF-G for the pre-translocation
complex was much reduced for the mutant ribosomes (4- to 23-
fold decrease in afﬁnity) [48]. These results suggest that rapid
and reversible GTP hydrolysis precedes movement of tRNA into
the hybrid P/E state [48].
The ribose of bases 70 and 71 in E site tRNA interact with the
backbone of bases C1893 and C1892, respectively [1–3]. Substitu-
tion of the 20-hydroxyl group at positions 66, 70, 71, or 76 with a
20-O methyl group in the acceptor arm of P-tRNA inhibited translo-
cation [50]. Single 20-deoxy substitutions at 71 and 76 also inhib-
ited translocation, while no inhibition was observed with single
20-deoxy substitutions at 66 and 70. Inhibition of translocationwith the bulkier 20-O methyl group at positions 66 and 70 may
be caused by steric hindrance within the ribosome. The backbone
of base 71 does not interact with the P site; however it interacts
with C1892 in the E site as described above. These results suggest
that substitutions in the P site tRNA that block interactions with
the 50S subunit E site inhibit translocation. Indeed, earlier studies
showed that deletion or modiﬁcation of A76 reduces E site afﬁnity
and inhibits translocation of P-tRNA into the E site [51]. Interaction
between the 20-hydroxyl group at position 71 in the P-tRNA and
C1892 in the 50S subunit E site may stabilize the P site tRNA in
the P/E state. This will lower the activation energy barrier for
translocation.
The backbone of bases 3 and 5 in E site tRNA interacts with the
backbone of bases 1850-1853 in 23S rRNA. Surprisingly, these
interactions do not appear to be important for translocation be-
cause single 20-deoxynucleotide substitutions in the 50-acceptor
arm of P site tRNA (positions 1–17) does not inhibit translocation
[52]. The E site tRNA makes many other interactions with the
50S subunit as revealed by the recent crystal structures. These in-
clude interactions of the backbone of bases 73 and 74 of E site tRNA
with Lys38 and Arg39 of ribosomal protein L28. Also, position 74 of
E site tRNA interacts with Arg28 of ribosomal protein L33. Bases
G19 and C56 in the elbow region of E site tRNA stack with bases
G2112 and A2169 of 23S rRNA. Furthermore, the elbow region of
E site tRNA at positions 55, 62, and 63 interacts with Lys167,
Arg52, and Arg53, respectively of ribosomal protein L1. Thus, the
elbow region of E site tRNA interacts intimately with the L1 stalk
of the ribosome (L1 and helices 76, 77, and 78 in 23S rRNA).
Cryo-EM data [31], X-ray crystallography [1–3] and recent single
molecule ﬂuorescence resonance transfer experiments [53–55]
showed that the conformation of the L1 stalk is very dynamic
and is inﬂuenced by the absence or presence of a tRNA in the E site.
In the pre-translocation ribosome, with the tRNA in the P site ﬂuc-
tuating between P/P and P/E states, the conformation of L1
switches between a fully open and a fully closed state. In the
post-translocation ribosome, with a tRNA in the E/E state, L1
switches to a half-closed conformation. In ribosomes with a vacant
E site, L1 switches between the fully open and fully closed states.
Interestingly, the binding of EF-GGDPNP to the ribosome favors
the fully closed conformation of L1 possibly by stabilizing the P site
tRNA in the P/E state [55]. These ﬁndings have led to the proposal
that during translocation, the L1 stalk guides the movement of the
P. Khade, S. Joseph / FEBS Letters 584 (2010) 420–426 425deacylated-tRNA from the P site to the E site and subsequently
ejects the tRNA from the E site by switching to the fully open state.
As summarized in this review, the X-ray crystal structures of
the ribosome provide a ﬁrm foundation to evaluate the vast
amount of genetic and biochemical data that have been acquired
over the years. The structures have provided valuable insights into
the mechanism of decoding, peptidyl transferase reaction, translo-
cation, and translation termination. However, there are instances
when it is difﬁcult to rationalize the biochemical data with the
structural information. For example, the universally conserved
base A2451 of 23S rRNA is located in the heart of the peptidyl
transferase center and is within hydrogen bonding distance of
the P and A site substrates [1,7,8]. Mutations at A2451 are lethal
to Escherichia coli; yet, biochemical experiments showed that pep-
tide bond formation is inhibited by less than 2-fold [36,37].
Although peptide release by RF1 is inhibited by as much as 6-fold
with the A2451G and the A2451C mutations, A2451U mutation
showed no defects in peptide release [36]. So why is A2451 univer-
sally conserved? Similarly, there are other elements of the ribo-
some that appear to be important from a structural perspective
but show only nominal effects in in vitro assays. Perhaps, this im-
plies that sensitive biochemical techniques need to be developed
to more rigorously interrogate each and every step of protein
synthesis.
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